PHYSICAL REVIEW E VOLUME 60, NUMBER 2 AUGUST 1999

Enhanced structural correlations accelerate diffusion in charge-stabilized colloidal suspensions
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Theoretical calculations for colloidal charge-stabilized suspensions and hard-sphere suspensions show that
hydrodynamic interactions yield a qualitatively different particle concentration dependence of the short-time
self-diffusion coefficient. The effect, however, is numerically small and hardly accessible by conventional
light-scattering experiments. By applying multiple-scattering decorrelation equipment and a careful data analy-
sis we show that the theoretical prediction for charged particles is in agreement with our experimental results
from aqueous polystyrene latex suspensi¢84.063-651X%99)03008-1

PACS numbd(s): 82.70.Dd, 05.40-a, 78.35+c

Colloidal systems have attracted considerable attention rey(r) is the particle pair-correlation function amdy(r) is a
cently, as many aspects of structure and dynamics of corhydrodynamic mobility function, both of which depend on
densed matter can be modeled theoretically and are accegre distance of the particles with radiu® only. H, ac-
sible experimentally. Investigations are dedicated, e.g., to theounts for three-body HJ2,4] and D, is the single-particle
caging effect of direct neighbor interaction and its implica- diffusion coefficient.
tion for properties like the suspension’s structure factor or For hard spheres, the well-established result Hg
the diffusion tensof1-3]. In experimental studies, mainly —=_1.831 andH,= +0.71[4—6]. Hard-sphere suspensions
two kinds of colloidal suspensions are used. Uncharged stertan be considered to be dilute both with respect to particle
cally stabilized particles with a thin hairy polymer layer on hydrodynamics and microstructure as well. Therefore, low-
the surface resemble very closely a hard-sphere interactioffensity approximations for the hard-sphere particle correla-
potentia_l. On the other hand, the interaction potential of partjon functions can be applied in the calculationtbf andH.,
ticles with some surface charges on a compact core can kg small¢. In contrast, charge-stabilized suspensions can be
well described by Derjaguin-Landau-Verwey-Overbeekregarded as dilute with respect to the hydrodynamics only, as
(DLVO) theory, that is, by a Debye-ldlel-type long-range  q(r) exhibits a pronounced structure incorporating a corre-
electrostatic repulsion with an underlying short-range vanation hole even at smallp [4,7]. Its extension depends
der Waals attraction. With Increasing UnderStandlng Ofstrong|y On¢, but also on the concentration of added elec-
physical effects due to th@lirect) interaction potential also trolyte c;. Due to the strong particle repulsion, the main
indirect, namely, hydrodynamic interactiotsl), became an peak of g(r) is located at the mean-particle distande
attractive research topic. These are difficult to describe theo= R[3¢/(4m)] 3. For a rough estimate of how this affects
reti_cally because of the necessity to tackle many-body interqe  self-diffusion coefficient, we approximate the pair-
actions[1-3. _ correlation function by a unit step functiog(r)=@0(r

In this contribution we focus on the influence of HI on the _ gy ' thys neglecting structural details, but retaining the im-
(translational short-time self-diffusion coefficierD, which  hortant correlation hole in a simplified fashion. If we keep
is a key feature of colloidal dynamics, because collectiveypy the leading term of the tabulated far-field expansions for
diffusion or long-time memory effects can only be deter-i,q mobility function, My4(r) = — (15R%)/(4r%) + O(r ~9)

mined if the short-time self-diffusion of the particles is [8], we obtain from Eqs(1) and(2) by taking only two-body
known in detail[1,2]. For small particle volume fractiond, 1| into account

D can be written as ghydrodynamig virial expansion,

— b
D/Dg=1+H;d+Hyd?+0( %), 1) D/Do=1-ad" ®
with a=2.33 andb=4/3. Within these approximations, we
whereH; incorporates two-body HI and is given by thus expect a transition from a linear to an algebraic concen-
tration dependence @/D with increasing structural corre-
_ lations. This qualitative different behavior for charge-
_ 2 stabilized systems as compared to hard spheres still persists
R Jo (M. @ if two-body HI are completely taken into accoufip to
O[r %)) and three-body HI to the leading ordé]. In Fig.
1, we show the corresponding numerical resultsdob as
*Author to whom correspondence should be addressed. URLa function of¢ for differentcg. The numerical procedure for
http://www.uni-mainz.de/FB/Physik/Kolloide/ the calculation has been described in Rdfl. The exact

Hy

1063-651X/99/6(2)/19364)/$15.00 PRE 60 1936 © 1999 The American Physical Society



PRE 60 ENHANCED STRUCTURAL CORRELATIONS ACCELERAE . .. 1937

' ' ' ' ' ' ' ' Using this well-characterized system, however, we face
two experimental challenges. First, multiple scattering will
be strong due to the difference in refractive index between
particles and water of approximatelyn=0.3. In addition,
routine measurements of diffusion coefficients by dynamic
light scattering(DLS) are performed with an accuracy of
about*+5% only[11]. This error covers the whole expected
effect of the difference between hard spheres and charged
spheres even at zero foreign salt content, as visible in Fig. 1.
Nevertheless, we shall determine in this contribution the
short-time self-diffusion coefficient in concentrated polysty-
I rene latex suspensions with high precision. We decorrelate
000 o002 o004 . o006 oo o4  Multiple-scattering contributions by taking advantage of a
¢ DLS experiment introduced recentp2], and perform a
careful statistical data analysis. We shall show that the data
FIG. 1. Numerical results for the short-time self-diffusion coef- we obtain exhibit qualitatively as well as quantitatively the
ficient as a function of the particle volume fraction. The parametereffect discussed above.
is the foreign salt concentratiorts; from top to bottom, DLS cross-correlation functions can be shown to be es-
cs/ wmol/dn?={0,1050,100,200,500,1000 broken line, theoreti-  genially free from multiple-scattering contributions when
cal result for hard spheres. The system parameterZare1000,  they are determined from intensity fluctuations measured by
R=135nm,e=81.0, andT=293.2 K, resembling very closely the 5 geometrically different scattering experiments with com-
experimental situation. mon scattering volume and equal scattering vectdigj.

One feature of our experiment, in particular, is the long
results fora andb, respectively, are rather insensitive to the wavelength used\(=788.7 mm), which allows the investi-
detailed form of the potential, and to the closure relationgation of strongly turbid samples, as the scattering cross sec-
used to calculatg(r) via integral equation theory, as long as tion is reduced. In addition, by using thin rectangular cu-
the repulsion of the particle is strong enough to keep thevettes with short optical light paths1 mm, we are able to
relationdo ¢~ 3 valid [4]. still further reduce the amount of multiple-scattered light.

Up to a volume fraction of approximatelyp=0.06, the Thus, even undiluted cow milk could be investigated by DLS
curves can be fitted to a power law according to &g. For  [14].
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the salt-free case, e.g., we obtair 2.37 andb=1.28, very Self-diffusion is accessible in DLS experiments on inter-
close to the leading behavior derived above. With increasingcting colloidal samples if the scattering vectar
Cs, that is, increasing screening of the repulsibmapidly = (47n/\)sin(0/2) is significantly larger than the position of

approaches the hard-sphere reqadt1 due to decreasing the maximum of the structure facta,,,,~2#/d; n is the
structural correlations between the particlds7]. We em-  refractive index of the suspending medium &g the scat-
phasize that, as visible in Fig. 1, structural correlations intering angle. In the short-time limit, one then measures
charge-stabilized suspensions increase the diffusion coeffsingle-particle dynamics, which should not be influenced by
cient as compared to hard spheres owing to decreasing higlirect next-neighbor interactions, i.e., the caging effect. We
dering by HI with increasing particle repulsion. use polystyrene spheres with a nominal radius Rf
The experimental observation of this effect, however,=135nm, determined by electron microscopy. Owing to
seems to be extremely difficult. HI become important abovetheir strong repulsion at=50 wmol/dn®, the first maxi-
say, »=0.01 only (cf. Fig. 1). At these particle concentra- mum of the fluid structure factor is located at a scattering
tions, multiple-scattering contributions, in general, stronglyangle of approximately 45° witkb=0.02. We determine the
prohibit optical investigations. One possibility, therefore, iscorrelation functions at ten different scattering angles be-
to investigate near-isorefractive systems, thereby strongly reween 120° and 140°, where we expect any oscillations of
ducing the particle scattering cross section. This approacthe structure factor due to structural order to be decayed, in
has been successfully exploited in sedimentation experiaccordance with experimental observation. We measure the
ments where the general features of the theory could be comross-correlation functions of the individual suspensions un-
firmed but certain deviations prevailed, possibly due to in-der investigation by averaging 30 single correlator runs last-
complete knowledge of the pair potentjal]. ing 100 s each. A cumulant expansion of third order is fitted
In this contribution we employ an aqueous polystyreneto the correlation function between the 10th and 90th ALV-
latex suspension, where the pair potential can be very effe&000E correlator channel. From the ten resultant first cumu-
tively controlled by fixing the amount of added salt. To belants we calculate the mean diffusion coefficient and its stan-
specific,¢p andcg can be precisely determined by measuringdard deviation that could be reduced this way to typically
the suspension’s low-frequency conductivity0]. The con- 1%, which is significantly smaller than in usual DLS mea-
ductivity can be reproducibly adjusted in a closed tubingsurements.
system between the minimum value given by the self- The suspensions under study were prepared as follows.
dissociation of water plus the dissociation of the particleWe add mixed bed ion exchange resin to the raw colloidal
charges, and the maximum value set by aggregation of theuspension. The mixture was left to stand several days with
particles due to the complete screening of the electrostatioccasional stirring. This stock suspension was filtered using
repulsion. 5-um pore size filters and subsequently filled into a closed
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tubing system with a peristaltic pump, where the conductiv- ' ' " ' ' ' ' '
ity of the suspension can be controlled by the resin, through 1.00
which the suspension is pumped or bypadsdl. We used

the minimal conductivity as a measure for the particle con-,, p
centration in the circuit. Calibration was performed by mea-
suring the minimal conductivity of nine suspensions of dif-
ferent ¢ within the circuit. The polystyrene content was
determined independently by weighing a carefully dried
amount of the suspensions. Volume fractions can now be
calculated from the density of the polystyrene particles in the
suspension. We adopt the value given by the manufacture
(p=1.055g/cm), which results to be the main source of
error in ¢. From these calibration measurements we obtain

an effective particle charge d.4=2500 if we assume a
particle mobility of up=10""m?(Vs). The suspensions FIG. 2. DLS data for the normalized short-time self-diffusion
tend to crystallize at the minimal conductivity that corre- coefficient as a function of the particle volume fraction. Broken
sponds to no added salt. To maintain the fluid state, we trietine, theoretical result for hard spheres; thick solid line, theoretical
to fix the conductivity at a nonvanishing foreign salt concen-result forcs=50 wmol/dn?; thin solid line, theoretical result for
tration, saycs=50 wmol/dn?. Experimentally, however, Cs=0 wmol/dn?.

this is not easy to guarantee, gsand cg are altered con-

comitantly. We therefore determine the correlation function  The result of the procedure described before is shown in
at constant conductivity and remove the added salt with thesjg 2. Our data points are clearly located above the hard-

ion exchange resin afterwards. From the measured minimalyhere result. This at firgualitatively confirms the expecta-
conductivity we calculatep; from the conductivity differ- o yhat diffusion is less hindered by HI for charged spheres
ence we calculates. We th_en add salty water to the circuit as compared to hard spheres, leading to a faster diffusion due
Isr;o%rgevrvitt?] Cg;%%z]?gdvbz:zczﬁszgﬁgggg' esri\glalegyisnugsﬁi?s- to enhanced structural correlations. The error bars represent
scheme: ¢, could be Kept within c,=[30 100 the standard deviation of the measured diffusion coefficients
N s and an arbitrarily chosen 5% uncertainty in particle density,

wmol/dn? durmg these measurements. respectively

In order to fit the data to Eq.L) or Eq. (3), the corre- Second, our data can be fitted to the expected power-law

sponding reference value for infinite dilutidh, is needed. . S
Usually, one would expect this to be the Stokes-Einstein difPehavior of Eq.(3). The resulting fitting parametees=1.7

fusion CoefﬁCientDSE: kBT/(67T77R), with 7 the Viscosity +1.1 andb=1.0+=0.2 agreeC]uantltgtlvelyWIth a fit of the

of the solvent, determined in a strongly diluted suspensioifiata from the numerical calculation far,=50 xmol/dn?
with high salt content ¢;=500 wmol/dn?); Dge=(1.536 and$=0.06 (a=1.54,b=1.09). This is also visible in Fig.
iOOOg)MmZ/S However7 for our datd)o has to be deter- 2, where the numerical result has been included.

mined at the same Debye screening lengttt as the mea- To summarize, we have shown experimentally that
surements at high particle  concentrationsx? charge-stabilized colloidal particles exhibit a different con-
=Lg[3Z* ¢/ (47R%) + 2N c,]. Lg=e€?/(eeokgT) is the centration dependence of the short-time self-diffusion coef-
Bjerum length at the solvent dielectric numlzeandz* isan ficient than hard-sphere suspensions. This result could only
effective charge, in general, different Z; obtained before be obtained by employing a cross-correlation DLS technique
[3]. We observed experimentally thBX, differs from Dgg  for the decorrelation of multiple scattering and by taking into
probably owing to electroviscous effects. We determined theccount the electroviscous effect, which is found to be not
diffusion coefficient of three semidilute sampless ( negligible in the range<cR=[2,...,6]. We note that our
=0.009, 0.006, and 0.002s a function ofk in that conduc- result is not in contradiction to the observations of Zahn,
tivity range, where also the higher concentrated sampleMéndez-Alcaraz, and Mardtl6], who failed to observe a
were investigated. We call these samples semidilute as Hloncentration dependence of the short-time self-diffusion co-
have negligible influence on the data. We found that all dat&fficient upon investigating long-time caging effects, prob-
points fell onto a common curve. Starting wilhgg at kR ably owing to their smaller experimental resolution.

=6, Dy decreases monotonically by 10% upB=2 15. Fol- We finish this contribution with some remarks concerning
lowing this observation, we determine the wanfglfor a  the DLVO interaction potential. Our numerical calculations
suspension at higkp by measuring« and taking the corre- are obtained assuming a fixed “effective” particle charge
spondingD , value from the common curve. We shall discussnumberZ* for the calculation of the static structure factor
these observations in detail in a future paper. From the merg(q), which could not be determined experimentally with
observation of a master curve, we presume to measurgufficient accuracy because of the strong multiple scattering
single-particle electroviscous effects at lgwwAt the highest  of the suspensions. Therefore, as an estimate for our par-
volume fraction investigated¢(=0.06), we have a Debye ticles, we useZ* =1000, which may be justified from the
screening length ok~ 1=40 nm and a mean particle dis- observation that our measured phase boundary .01 at
tanced~550 nm. Ask '<d, we conclude that our ex- c,=0 umol/dn?) coincides with the Hansen-Verlet crite-
trapolation is valid even for those higher volume fractions.rion applied to the theoretical structure factors. The numeri-
However, we have no proof for this assertion. cal results are known not to change noticeably for lajer
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[4]. In contrast, we us&.;=2500>Z* for the calculation of The authors are grateful for numerous stimulating discus-
our « data from conductivity measurements. We note that the&ions with Gerhard Ngele and his introduction into the sub-
effective charges of the DLVO interaction potential are genject. We are indebted to Thomas Palberg for his interest in
erally found to depend on the determination metlisde, this work and many helpful suggestions. This work was sup-
e.g., Ref[10]) and do not necessarily agree. ported by the DFG via SFB 262 and 513.
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